Three experiments were conducted to determine the concentrations of phenolic monomers (para-coumaric acid, ferulic acid, vanillin, acetovanillone, para-hydroxybenzaldehyde and para-hydroxyacetophenone) and polymers (lignin) in roughages and to assess the fate of these compounds in the ruminant digestive system. In Exp. 1, low quality timothy hay and cottonwood, silver maple and red oak sawdusts were fed to mature wethers. Apparent digestibilities of dietary dry matter, hemicellulose and starch were similar among treatments. Cellulose digestibility of timothy hay was greater than that of the wood cellulose diets. Digestibility of klason acid detergent lignin (ADL) of timothy hay and the maple sawdust diet was greater than that of the cottonwood and oak diets. Lower concentrations of phenolic monomers were present in fecal lignins than in feed lignins when animals were fed any of the three sources of sawdust. In Exp. 2, cottonwood sawdust was fed fresh or after drying, ensiling or treatment with propionic acid. No differences in dry matter digestibility or hemicellulose digestibility were observed among treatments, but cellulose digestibility of fresh sawdust was greater than that of the treated roughages. Lignin of dry sawdust was more poorly utilized than was the lignin of the treated materials. As in Exp. 1, smaller amounts of phenolic monomers were present in feces than in feed. In Exp. 3, growing lambs were fed alfalfa or bromegrass hay to enable us to monitor selectively the disappearance of phenolic material from various sections of the
Introduction
Much research has been conducted on the detrimental effects of lignin on digestibilities of forage nutrients. However, there is evidence that lignin is not a totally inert compound. Phillips (1934) concluded that some lignin could be degraded during digestion. Reports by Ellis et al. (1946) , Richards and Reid (1952) , Allinson and Osbourn (1970) , Minson (1971) , Grant et al. (1974) , Kornegay (1978) and Fahey et al. (1979) indicated that lignin was partly digested. Such reports were based on the disappearance of lignin from digesta, and it now appears that at least part of this "digestion" is due to the dissolution of lignin-carbohydrate complexes. Soluble lignincarbohydrate complexes from forages that had been degraded by bacterial enzymes were isolated from rumen liquor of grass-fed ruminants (Gaillard and Richards, 1975) . Morrison (1974) found that when lignin-carbohydrate complexes were subjected to mild alkaline conditions, the lignin was degraded to lower molecular weight phenolic compounds. Hartley (1972) also found that two of these phenolic degradation products-ferulic acid and paracoumaric acid-act as cross-linking agents between lignin and cell wall carbohydrates. Higuchi et al. (1967) established the presence of ester linkages in the bridging units between lignin and cell wall carbohydrates. These phenolic degradation products could be of considerable importance in the evaluation of digestibilities of carbohydrate and, possibly, nitrogenous components of forages.
This investigation was conducted to determine feed, fecal and digesta concentrations of 1165 JOURNAL OF ANIMAL SCIENCE, Vol. 50, No. 6, 1980 six phenolic monomers (common degradation products of lignin) with samples obtained from sheep fed diets varying widely in chemical composition.
Materials and Methods
Exp. 1. A 4 x 4 Latin square design was used to relate digestibility of lignin to digestibilities of dry matter, cellulose, hemicellulose, nitrogen and starch when low quality timothy hay and dried (approximately 90% dry matter) cottonwood, silver maple and red oak sawdusts were fed as roughage sources to mature 45-kg crossbred wethers (one per treatment). Timothy hay was fed as the sole source of intake, while the three types of sawdust were fed as 50% of the diet, with the remaining 50% a concentrate mixture of ground corn (28.6%), soybean meal (11.5%), molasses (4.5%), dehydrated alfalfa (4.5%), steamed bone meal (.45%) and trace mineralized salt (.45%). A 14-day preliminary feeding period was followed by a 7-day fecal collection period. Sheep were fed equal amounts of diet twice daily. During the preliminary phase of the experiment, diets were fed so that there would be a 10% feed refusal. Ad libitum intake was monitored during the last 5 days of the preliminary period. During the collection phase, total feces excreted by each animal were collected, mixed thoroughly and weighed, and a 10% aliquot was saved for analysis. Thymol crystals were added to prevent bacterial contamination. Water was available ad libitum.
Feed and fecal samples were analyzed for neutral detergent fiber (NDF), acid detergent fiber (ADF), Mason acid detergent lignin (ADL) and acid detergent insoluble nitrogen (ADIN) by methods described by Goering and Van Soest (1970) . Cellulose and hemicellulose concentrations were determined by the substraction of ADL from ADF and ADF from NDF, respectively. Starch was determined by the method of Macrae and Armstrong (1968) and nitrogen by the Kjeldahl method (AOAC, 1960) . Protein content was calculated as nitrogen x 6.25. Digestion coefficients were calculated from the quantitative feed and fecal data collected during the trial.
In the second phase of this experiment, gas-liquid chromatography was used to measure six common lignin degradation products: p-coumaric acid (PCA), ferulic acid (FA), vanillin (V), acetovanillone (AV), p-hydroxybenzaldehyde (PHB) and p-hydroxyacetophenone (PHAP). The NDF fraction from all feed and fecal samples was prepared, and .5 g of this fraction was treated with 1 N NaOH (20 ml/sample) in screw-cap test tubes. The mixtures were shaken at 20 C for 24 hr and filtered through seintered glass crucibles. The alkaliextracted fractions were oxidized with nitrobenzene (1.0 ml) and 2N NaOH solution (10 ml) in screw-cap test tubes at 160 C for 3 hours. The tubes were heated in an oil bath and shaken by hand. Each reaction mixture was filtered through a seintered glass crucible and washed with water (10 ml) and then with peroxide-free ether (20 ml). The filtrate and washings were extracted with ether (2 x 50 ml) and the ethereal layers rejected. The aqueous layer was acidified to pH 2.5 with concentrated HCI, and solid NaCl was added to saturate the solution, which was then extracted with ether (2 x 60 ml). The combined ethereal solutions were dried and the solvent evaporated. The residue was dissolved in acetone (5 ml), and the degradation products listed above were measured by gas-liquid chromatography. Five microliters of the acetone solution were injected into a Hewlett-Packard flame ionization detector equipped with a 2.75 m glass column (4 mm ID) that contained 10% cyclohexane dimethanol succinate on 80 to 100 mesh Diatomite C'Q'. The rate of flow of nitrogen carrier gas was 110 ml/min and the inlet pressure was 4.1 x 10 -s Nm (gauge). The column oven temperature was maintained at 220 C. The above procedures are those of Hartley (1971) , with certain modifications. Standards for each of the phenolic compounds were run for the purpose of calculating concentrations of feed and fecal lignin degradation products.
Exp. 2. A 4 x 4 Latin square design was used to monitor the effects produced when cottonwood sawdust was preserved by different methods. Mature 45-kg crossbred wethers (one per treatment) were fed cottonwood sawdust, either (1) fresh (66% dry matter), (2) dry (90% dry matter), (3) ensiled (water added such that the final product was approximately 56% moisture) or (4) propionic acid-treated and nonensiled. (.8% propionic acid added to fresh sawdust). To enhance the fermentation process, 20% corn was mixed with the fresh sawdust at the time of ensiling. The material was then ensiled in plastic-lined drums for a minimum of 30 days before feeding. The concentrate mixture described previously was fed to animals in Exp. Exp. 3. Twelve crossbred wether lambs averaging approximately 3 0 kg were allotted to two treatments (six lambs per treatment). One group of lambs was fed good quality alfalfa hay (IRN 1-00-071) while the other was fed good quality smooth bromegrass hay (IRN 1-00-944). All lambs were offered trace mineralized salt and water ad libitum. The diet was fed twice daily at 2% of body weight. Lambs were housed in a temperature-controlled room in wooden metabolism crates with galvanized metal bottoms. A preliminary 2-week feeding period was followed by a 7-day collection of urine and feces. Three grams of ground chromic oxide paper were mixed with both roughages each day for the last 5 days of the experiment. Total fecal and urine collections were made, with a 10% aliquot of feces and a 1% aliquot of urine saved for analysis. At the end of the 21-day trial, animals were transported to the slaughterhouse, where they were stunned by electrical shock and killed by exsanguination. Slaughter took place approximately 15 hr after the evening feeding. The animals were then dissected and total contents were taken from the rumen, abomasum, duodenum, ileum, cecum and colon. All samples were dried at 45 C and ground through a Wiley mill (2-mm screen) in preparation for chemical analyses.
Chromic oxide was measured according to procedures described by Brisson (1956) .
Digestibilities in various sections of the digestive tract were calculated as the ratio of chromic oxide fed to chromic oxide in digesta samples. Phenolics were measured on feed, feces and all digesta samples as described in Exp. 1. Urinary phenolics were not measured because of the inability of this systemto differentiate between plant phenolics and those resulting from protein breakdown. All other analyses were as described for Exp. 1. For Exp. 1 and 2, data were analyzed by least-squares analysis of variance (Steel and Torrie, 1960) . Differences among treatments were determined by a multiple range test (Duncan, 1955) , Regression equations and correlation coefficients were calculated by procedures of Draper and Smith (1966) . Data from Exp. 3 were subjected to analysis of variance (Steel and Torrie, 1960) , and where appropriate, Duncan's multiple range test (Duncan, 1955) .
Results and Discussion
Exp. I. Chemical composition data for the four roughage sources are presented in table 1. All roughages were high in cell wall carbohydrates and especially high in lignin. All conrained similar amounts of N; however, when the supplement was included in the sawdust diets to enhance feed intakes, the protein content was elevated to approximately 11%.
Intake and digestibility data are presented in table 2. Animals fed oak ingested significandy more feed than did those fed the other diets. No significant differences were observed among "g~ 17 7 ~7~ ._~ treatments when dry matter, starch and hemicellulose digestibilities were evaluated, whereas significant differences in cellulose, ADL, N and ADIN digestibilities were found. Sheep fed low quality timothy digested the greatest amounts of cellulose, while those fed oak digested significantly less cellulose. Sheep fed either of these roughages digested significantly more cellulose than did those fed either cottonwood or maple sawdusts. The higher the digestibility of N was, the lower the digestibility of ADL was. A significant negative correlation of --.87 resulted when these parameters were compared, indicating that phenolic acids such as those which result from degradation of lignin or phenolic materials such as tannins, which are natural secondary products of many plants, may bind with nitrogen fractions in the gut. We postulate that lignin and(or) other plant phenolic complexes are degraded as they pass through the gastrointestinal tract of animals and that the phenolic acids which result from this degradation bind to nitrogen fragments and are excreted in the feces. This postulation is supported by the lower negative digestibilities of ADIN in the oak and cottonwood sawdust treatments. Also, this is a possible explanation for the high recoveries of lignin from feces of animals fed certain types of roughages, and could account for the negative digestion coefficients for lignin reported by Allinson and Osbourn (1970) and Robbins et al. (1975) .
Data describing the concentrations of six common lignin oxidation products that were present in feed and feces are presented in table 3. Significantly less PCA and FA were present in feces of sheep fed oak sawdust than in feed. More PCA was detected in feces of sheep fed timothy hay than in feed, but we can offer no explanation for this result at this time. Lower quantities of the four other phenolic degradation products appeared in feces than in feed, indicating a breakdown in lignin and (or) plant polyphenolic complex as it flowed through the gastrointestinal tract. It should be mentioned that compounds such as vanillin and other benzaldehyde derivatives are not present in forages but are produced on chemical oxidation of the phenylpropanoids. Once released, phenolic acids can combine with proteins containing disulfide bonds (Hartley, 1972) . It is particularly interesting that the only significant loss in PCA and FA occurred when oak sawdust was fed. Data in table 2 indicate that the lignin digestion coefficient in sheep fed oak sawdust was -24.3%, whereas nitrogen digestibility was 87.5%. It is plausible that oak lignin was more easily degraded than was the lignin of the other roughage sources. If these acids were free in the gut and if they or other plant phenolics had the capacity to bind to nitrogenous fractions, the fecal lignin fraction would contain not only lignin but some bound nitrogen as well. This situation would result in higher ADIN levels in feces. In this experiment, the greatest quantity of fecal ADIN occurred when oak sawdust was fed. This effect would drastically lower lignin digestibility while elevating the nitrogen digestion coefficient.
Exp. 2.
In the second trial, cottonwood sawdust was treated in various ways to (1) enhance its preservation capabilities and (2) to enable us to determine whether changes in the polyphenolic character of cottonwood sawdust occurred with treatment. Fresh sawdust contained approximately 35% moisture, and this resulted in storage and feeding problems. Data presented in table 1 demonstrate the effects of these treatments on chemical composition. The propionic acid treatment and the ensiling process lowered cell wall content, especially the cellulose and lignin moieties. These same treatments, along with the addition of corn to the ensiled material, elevated protein contents. Data presented in table 2 indicate that no significant differences existed among treatments in dry matter intake, dry matter digestibility or hemicellulose digestibility. Sheep fed fresh material digested significantly more cellulose than did sheep fed the treated sawdusts. As in Exp. 1, there was a significant inverse relationship between the digestibilities of nitrogen and ADL (r = -.79). When cottonwood sawdust was ensiled or treated with propionic acid, lower quantities of ADIN were found in the feces, resulting in a less negative ADIN digestion coefficient. The greatest amounts of fecal ADIN were found in feces of animals fed the dried sawdust, although feces from animals fed fresh material contained nearly as much ADIN. Drying cottonwood sawdust undoubtedly produced some complexing between lignin and other nutrients, as is apparent from the negative lignin digestion coefficient. Sheep fed the other materials digested lignin equally well. According to Chandra and Jackson (1971) , the low pH produced during the ensiling process provides the conditions necessary for the cleaving of lignin-carbohydrate bonds (both benzyl ethers and esters). Phenolic acids which result from this treatment may bind to nitrogenous fractions. This is a possible explanation for the lower nitrogen digestibility and greater quantity ~. of ADIN in the ensiled material.
Data on the quantities of feed and fecal 2~ lignin degradation products are shown in table 3. In all cases, smaller quantities of these products were found in feces than in feed. Significandy less FA and PCA were present in feces of sheep fed dry or propionic acid-treated saw--a dusts, but no differences were noted when the x < fresh and ensiled sawdust treatments were evaluated. High concentrations of vanillin were found in cottonwood sawdust, and significant Z differences in feed and fecal concentrations were observed when sheep were fed fresh, dry, ensiled and propionic acid-preserved sawdusts. ~< The other three phenolic acids occurred either in trace amounts or were absent, v- < > Apparent digestibilities of roughage carbo-z hydrates, nitrogen, ADIN and ADL and N balance data are presented in table 4. Apparent digestibility of bromegrass cellulose was signifi-m candy greater than that of alfalfa. More ceUulose was degraded in the rumen of lambs fed bromegrass than in the rumen of those fed alfalfa. Less cellulose was degraded in the ~< duodenum and cecum of lambs fed bromegrass but slightly more was degraded in the ileum, o Little difference in hemicellulose digestion was a. observed between treatments. Slightly more o hemicellulose was degraded in the duodenum of ~ bromegrass-fed lambs, while slightly less was degraded in the ileum. Significantly less ADL was digested by lambs fed bromegrass than by those fed alfalfa. Negative ADL digestion coefficients were noted for the abomasum and duodenum when bromegrass was fed, whereas only positive ADL digestion coefficients were obtained for lambs fed alfalfa. This observation < suggests a lack of binding capabilities of the phenolic monomers generated during alfalfa 4 lignin degradation. It is interesting that approximately 60% of lignin disappearance occurred in the rumen. Gaillard and Richards (1975) noted that the cell-free rumen liquor of a steer fed spear grass contained macro-molecular sub- Low (1977) found that largescale mucosal cell shedding into the lumen of the intestine occurred after death by electrical stunning. This effect can give misleading information on the digestion of protein. No significant differences in nitrogen balance or ADIN digestibilities were noted between treatments. Table 5 presents data on the relative quantities of lignin degradation products in various sections of the gastrointestinal tracts of lambs. Although rumen contents were collected and analyzed for phenolic monomers, accurate measurements of these monomers could not be obtained, possibly because of interference from phenolic-type breakdown products of protein degradation. Rumen values are therefore not reported. In animals fed alfalfa, all phenolic monomers decreased in concentration as they progressed through the tract. Concentration of PCA in fecal contents was significantly lower than that in feed and in the various sections of the gastrointestinal tract. FA concentration in alfalfa was greater (P<.05) than that in abomasal, duodenal, ileal and cecal digesta, but fecal FA concentration was lower (P<.OS). Concentration of V was lower (P<.05) in feces than in alfalfa hay or in digesta from lambs fed alfalfa hay. Although there was a trend toward lower concentrations of V with passage of alfalfa through the tracts of lambs, no significant differences were noted between feed and digesta concentrations of V. A similar trend existed for PHB, although no significant differences were found. Only small amounts of PHAP were present in alfalfa, and concentrations of this phenolic in digesta or feces could not be detected. AV did not appear on the chromatogram, either.
As with alfalfa, all phenolic monomers of bromegrass tended to decrease in concentration with passage through the tract. PCA concentrations in digesta and in feces were lower (P<.05) than PCA concentrations in feed. Bromegrass FA concentrations followed the same trend as noted for alfalfa FA (i.e., significantly less FA These data indicate that, under these experimental conditions, PCA, FA and V are the major phenolics in alfalfa and bromegrass cell walls and that all decrease in concentration with passage through the digestive tract of sheep. If these phenolics are the structural monomers of the lignin molecule, it appears that the apparent digestibility of lignin might be due to the disappearance of these and possibly other phenolic monomers.
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